ABSTRACT Ants are the most abundant visitors to the ßowers of Jatropha curcas L., but it is not clear how much they contribute to the pollination of this plant. In this study, we observed ßoral visitor assemblage and foraging behavior of ants, measured pollen loads carried by ants and deposited on stigmas, and determined the contribution of ants to the female reproductive success of J. curcas through exclusion experiments. Ants were the most abundant pollinators, accounting for 71.03 and 78.17% of total visits at two study sites. Among different ant species, Tapinoma melanocephalum (F.) is always the most abundant and the only common ant species at two study sites, which might suggest its important role in the pollination of J. curcas. Pollen loads carried by ants were signiÞcantly different among different species at two study sites. Pollen loads carried by ants increased with increased body length. Although the ßowers exposed only to the ants produced less fruit than those exposed only to the winged visitors, ants alone resulted in almost 60% fruit set. Thus, ants could play a major role in the pollination of J. curcas if winged insects are absent.
Flowers of generalist plants often are visited by more than a single species of insect (Fishbein and Venable 1996, Waser et al. 1996) , which in part, reßects temporal and spatial ßuctuations in the local abundance of pollinators. Thus, when the availability of some pollinator is unpredictable, other pollinators could assure the reproductive success of plants (Waser et al. 1996) . For many ßowering plants, the most effective pollinators are winged insects. However, ants could also play an important role in the reproduction of some low growing plants (Hickman 1974 , Gó mez et al. 1996 , De Vega et al. 2009 ). When relative abundance and pollen transfer efÞciency vary temporally, selection will favor generalization in the plantÐpollinator mutualism (Young 2002) .
Jatropha curcas L. (Euphorbiaceae) is a monoecious biodiesel shrub planted widely in tropical and subtropical areas, including China (Sun et al. 2008) . Because of the rather open nature of the ßowers, wide arrays of visitors are attracted to its easily accessible nectar, and bees often are regarded as most effective pollinators (Raju and Ezradanam 2002 , Bhattacharya et al. 2005 , Rianti et al. 2010 , Luo et al. 2011 . Ants were the most abundant visitors to the ßowers of J. curcas (Banjo et al. 2006 , Rianti et al. 2010 , and make most visits to both male and female ßowers (Raju and Ezradanam 2002) . However, ants have been considered ineffective pollinators to J. curcas for several reasons. Ants stay for long durations in the ßowers (Rianti et al. 2010) , and their mobility is low (Luo et al. 2011) . They are small in size and possess a smooth integument (Faegri and Van der Pijl 1979, Proctor et al. 1996) , and thus are thought to be inefÞcient pollen carriers. Lastly, some ants reduce viability of pollen with antibiotic liquid secreted from their metapleural glands (Beattie et al. 1984 , De Vega et al. 2009 ; but see Sugiura et al. 2006 , De Vega et al. 2009 ).
Because most J. curcas plantations are growing in hot arid areas where many winged insects may be limited by high temperature and low humidity (Gó -mez and Zamora 1992 , Ramsey 1995 , Gó mez et al. 1996 , we hypothesized that ants might play an important role in the pollination of J. curcas. The speciÞc aims of this study are 1) to determine the possibility of ant pollination based on their foraging behavior and pollen loads carried by visitors, and 2) to quantify the contribution of ants to the pollination of J. curcas through selective exclusion of ants and winged insects.
Materials and Methods
Study Site and Species. This study was conducted in J. curcas plantations at Shuangbai (101Њ 39.164 E, 24Њ 22.447 N, 647 J. curcas is a monoecious plant blooming from midApril to mid-June. Both staminate (male) and pistillate (female) ßowers are produced simultaneously in most inßorescences (Fig. 1A) . Both male and females can produce nectar (Luo et al. 2011) . Exposed sexual organs allow easy access to nectar, thus attracting a wide array of visitors.
Floral Visitor Foraging Behavior. To characterize the frequency and foraging behavior of ant pollinators, we made periodic observations of the visitors associated with 10 inßorescences in 10 randomly selected plants (one per plant) at Shuangbai in 2010 and Yuanmou in 2009. Observations were made every 2 hr throughout the day (0700 Ð1900 hours) for 6 d. The sampling effort was, on average, 42 min per inßores-cence (6 min per inßorescence per observation ϫ 7 observations per day). Therefore, the total sampling time was 84 h (42 min per inßorescence ϫ 10 inßo-rescences ϫ 6 d ϫ 2 sites). In each observation we counted all pollen-collecting or nectar-feeding insects directly on the inßorescences. The foraging behavior of each ant species was recorded, including sex of the ßowers being visited and body cleansing. As ants that visited inßorescences, body parts with adhered pollen grains were noted and recorded through direct observation in the Þeld, inspection of digital photographs taken of the ants, and microscopic examination of the ant specimens collected as they departed the ßower. Time spent in female and male ßowers were recorded for the most abundant ant species. Visiting insects were collected and examined under a binocular microscope. Voucher specimens were identiÞed and deposited at the Entomology Museum of the Research Institute of Resource Insects, Chinese Academy of Forestry.
Pollen Loads on Ants. In 2011, the size of pollen loads carried by individual ants visitor at Shuangbai and Yuanmou was estimated for 20 individuals of each ant species. Foragers always were permitted to crawl from the inßorescences of J. curcas into microtubes containing 70% alcohol. For each vile, the alcohol and ant then were transferred to a slide and all the pollen grains in the alcohol and adhered to the ant were counted under the microscope. Body length of individual ant was measured with a digital vernier caliper accurate to 0.02 mm.
Exclusion Experiments. To assess the contribution of ants to fruit set, ants and winged insects were excluded selectively from inßorescences in different treatments at Shuangbai in 2010. Seven treatments detailed in Table 1 were assigned randomly to 69 marked inßorescences consisting of 680 female ßow- ers. Five of the seven treatments (except "ants only III" and "apomixis" group) were implemented simultaneously. The "ants only III" and "apomixes" treatments were not used for this experiment because they were represented by only one plant. Each treatment consisted of 1Ð2 inßorescences (6 Ð15 female ßowers per inßorescence) from each of six replicate trees.
Mature capsules were counted and collected 8 wk after the experiment. Both fruit set and seeds per capsule were used as estimates of female reproductive success.
The same exclusion experiment also was conducted at Yuanmou in 2009. Pollen loads on stigmas were assessed in Þve of seven treatments listed in Table 1 through the collection of the brown stigmas. The "excluded" and "apomixes" treatments were excluded from this experiment because they received no visitation from pollinators. The stigmas changed from green to brown after about 5 d, which indicated its senescence and low receptivity (Luo et al. 2007 ). Thus, the collection of the brown stigmas did not inßuence the development of fruit. In a prior study of pollen grains viewed under the scanning electron microscope, it was found that all pollen grains deposited on the stigmas (n ϭ 3) were from J. curcas (C.W.L., unpublished data). Therefore, we did not identify conspeciÞc and heterospeciÞc pollen grains deposited on stigmas. Five treatments were assigned to 160 stigmas with 32, 30, 30, 41, and 27 stigmas in open, winged only, ants I, ants II, ants III, respectively (Ϸ5 random stigmas per tree). However, mature fruits were collected unintentionally by local farmers, therefore we could not analyze the reproductive success of J. curcas at Yuanmou.
Statistical Analyses. All analyses were carried out with SPSS 11.5 (SPSS Inc., Chicago, IL). Pollen loads were analyzed by KruskalÐWallis tests because of nonnormality and heteroscedasticity. The effect of plants (as a randomized factor) and winged versus ant ßoral visitors (four treatments, as a Þxed factor) on mean fruit set, and mean seeds per capsule were analyzed by analysis of variance (ANOVA). The effects of winged and ant pollination on fruit set and seeds per capsule were analyzed by ANOVA. After signiÞcant F-tests at P value (0.05), means were separated by least significant difference (LSD). Both the fruit set and seeds per capsule data were checked for normal distribution and homoscadesticity and were found to meet the ANOVA requirements Data were expressed as means Ϯ one standard error.
Results
Floral Visitor Assemblage. In total, 1,445 ßower visits were observed. The ßowers of J. curcas were visited by ants and winged insects. Ants were the most abundant pollinators, accounting for 71.03 and 78.17% of total visits at Shuangbai and Yuanmou, respectively. At Shuangbai, the most abundant ant species was Tapinoma melanocephalum (F.) (50.64% , Fig. 1C) ; followed by Plagiolepis wroughtoni Forel (13.22%); Camponotus parius Emery (5.25% , Fig. 1D) ; and Crematogaster politula Forel (1.92%, Fig. 1B) . At Yuanmou, the most abundant ant species was T. melanocephalum (54.64%), followed by Iridomyrmex anceps Roger (18.95%), and Paratrechina vividula Nylander (4.58%).
Foraging Behavior of Ants. Ants visited both male and female ßowers for nectar and made contact with the plant reproductive organs during foraging, acting as potential pollinators (Fig. 1B,C,D) . T. melanocephalum spent 43.9 Ϯ 5.4 s (n ϭ 10) and 34.2 Ϯ 4.4 s (n ϭ 10) during visiting female and male ßowers, respectively. Ants consistently touched the anthers with their bodies and were dusted with yellow pollen grains after their visits to male ßowers. Pollen grains were attached to the head, legs, and gaster of ants. Ants occasionally were observed cleaning off pollen grains adhered to themselves (n ϭ 2). Ants moved through or foraged for nectar in female ßowers, and touched b Female ßowers were bagged loosely with bridal veil both day and night, to exclude all winged insects but to allow ants to crawl up the stems (Gó mez 2000).
stigmas with their head, lateral, and dorsal portions of the body. Camponotus parius and P. wroughtoni visited a few open ßowers in an inßorescence and left for the next inßorescence within a plant (n ϭ 45).
Pollen Loads. All ants consistently touched the anthers with their bodies, and pollen loads carried by ants were signiÞcantly different among the four species at Shuangbai, (KruskalÐWallis test, 2 ϭ 16.06, df ϭ 3, P Ͻ 0.001; Table 2 ) and among the three species at Yuanmou (KruskalÐWallis test, 2 ϭ 19.12, df ϭ 2, P Ͻ 0.001; Table 2 ). Pollen loads increased with increased body size (Table 2) .
Although we did not get mature fruits at Yuanmou, we found that ants could carry pollen grains within and between inßorescences, and between plants. Pollen loads deposited on stigmas were signiÞcantly different in the open group, winged only, ants only I, ants only II, and ants only III, respectively (KruskalÐWallis test, 2 ϭ 68.95, df ϭ 4, P Ͻ 0.001; Table 2 ). Exclusion Experiments. Fertile capsules were produced from ßowers in all the treatments except in the "apomixis" and "ants only III" groups. Flowers that were permanently bagged ("excluded") yielded only a few fertile capsules (0.083 Ϯ 0.036). These three treatments were not included in statistical analysis because they caused extreme heteroscedasticity. No interactions were found between plants and treatments on fruit set (ANOVA, F 5,15 ϭ 1.076, P ϭ 0.4, Table 3), or seeds per capsule (ANOVA, F 5,15 ϭ 0.828, P ϭ 0.5, Table 3 ). Differences in fruit set among open, winged only, ants only I, and ants only II were highly signiÞcant (ANOVA, F(3,41) ϭ 10.50, PϽ0.001, Fig.  2A , Table 3 ). There was no signiÞcant difference in fruit set between open ßowers and those only pollinated by winged insects (LSD, P ϭ 0.48, Fig. 2A ). Among the three other treatments, excluding the open group, each treatment produced signiÞcantly less fruit than the next in the following order: winged-only, ants only I, ants only II (LSD, P Ͻ 0.05, Fig. 2A ).
Pollinator exclusion also affected seeds per capsule at Shuangbai (ANOVA, F(3,41) ϭ 14.94, PϽ0.001, Fig.  2B ). Open ßowers and those pollinated by winged insects showed no differences (LSD, P Ͼ 0.05). Four pollination treatments: open, winged only, ants only I, and ants only II. Ants only III and apomixes groups produced no fruits at all, and the excluded group yielded a few capsules. These three groups were excluded from analysis because they caused extreme heteroscedasticity and, therefore, are not presented here. Ants only III and apomixes groups produced no fruits at all, and excluded group yielded a few capsules. These three groups was excluded from analysis because they caused extreme heteroscedasticity and, therefore, are not presented here. Different letters on top of each bar indicate signiÞcant differences by LSD (P Ͻ 0.05). group), each treatment produced signiÞcantly less seeds per capsule than the next, in the following order: winged-only, ants only I, ants only II (LSD, P Ͻ 0.05, Fig. 2B ).
Among three other treatments (excluding the open

Discussion
Our results suggest that 1) ants act as J. curcas pollinators, because ants were the most abundant ßo-ral visitors and carried pollen loads; and 2) ants are probably responsible for most of the successful pollen transport in the absence of winged pollinators.
Ants were the most abundant visitors to the ßowers of J. curcas at our two study sites. Ants were also the most abundant and frequent visitors to the ßowers of J. curcas in many previous studies (Raju and Ezradanam 2002 , Banjo et al. 2006 , Rianti et al. 2010 . In our study, T. melanocephalum is always the most abundant ant species to the ßower of J. curcas at two study sites (this study) and four other study sites (C.W.L., unpublished data), which might suggest the important role of this ant in the pollination of J. curcas. Although ants might reduce the viability of pollen grains (Beattie et al. 1984, Hull and Beattie 1988 ; but see Sugiura et al. 2006 , De Vega et al. 2009 ), our exclusion experiments show that ants are capable of pollinating female ßowers and that antibiotic liquid is not always fatal to pollen survivorship.
EfÞciency of pollinator visits strongly determines the effectiveness of each species of pollinator (Young 2002) . Although the species of ant visitors are different in the two study site, all ant visitors are pollinating ants because all of them are observed carrying pollen grains on their body, and moving within the inßores-cence and between inßorescences. Body size seemed to play an important role in determining the pollen loads of ants (Medan and Josens 2005) , because pollen loads increased with increased body length. Foraging behavior, such as foraging time and body cleansing, also inßuences pollen transport. T. melanocephalum spent a long time foraging at each ßower, which increases the probability for them to contact the reproductive organs of J. curcas, and thus promoting pollination. Pollen loads of ants are large, because of ants rarely cleansing their body. J. curcas is a self-compatible treelet without an inbreeding depression (Abdelgadir et al. 2009 ). The ovary of J. curcas has three carpels, each with a single locule producing one ovule (Raju and Ezradanam 2002) . Theoretically, few pollen grains are required per ßower for full seed set of J. curcas, which is necessary for ant pollinated plant (Hickman 1974) . Thus, an average of 60 pollen grains per stigma of J. curcas in ANTS only I group at Yuanmou would help the plant produce a higher number of seeds per capsule.
Our study also demonstrates that ants can play a major role as pollinators if winged insects are absent. Fruit set resulting from pollination by the ants only (ANTS only I) was similar to that by the winged only. Seeds per capsule from pollination by the ants only (the ANTS only I) were 2.24 grains per capsule, which, though lower than that by the winged only group, represents a signiÞcant increase over those excluded. The effect of ants on plant seed production depends on ant relative abundance, as occurs in other ant pollinated plants (Gó mez and Zamora 1992, Gó mez et al. 1996) . J. curcas is widely distributed in tropical and subtropical areas all over the world (Sun et al. 2008) , where the frequency and activity of ants is high (Hickman 1974) . Ants may play a larger role in pollination success of J. curcas in sites more hot and arid than we studied because of lower abundance of winged pollinators (Hickman 1974) .
